Porous anodic aluminium oxide nanostructures are popular templates for the fabrication of a wide range of nanomaterials. When open at both ends, they are now being used as model membranes, called anodic alumina membranes (AAM). In both cases, their appeal resides in the possibility of accurately controlling pore size via the anodization voltage, with a narrow size distribution. This characteristic, though, is maintained only in specific pore size ranges, reflecting specific ordering regimes in the material. Outside these domains, less ordered structures are obtained. Furthermore, the smallest pores currently achieved by anodization are about ~10 nm in diameter, using sulphuric acid, which yields very thin and fragile nanostructured membranes. In this work we address these limitations by decoupling the control of pore size from the anodization stage. We achieve this by subjecting AAMs produced under a high order regime (40 V, 0.3 M oxalic acid) to a post-anodization hydrothermal treatment using steam. With this process we were able to decrease the pore size by 80% down to ~10 nm. The membranes retain their integrity and are more robust that AAMs with the same pore structure produced via anodization in sulphuric acid.
Introduction
The formation of ordered oxide structures upon the electrochemical anodization of aluminium, first discovered in the 1940's, has become, in the last 15 years, a common tool of nanotechnology. The regular pore size, which is controlled via the anodization parameters, the narrow pore size distribution and cylindrical pore geometry, with constant cross-section, 1 have made anodic aluminium oxide (AAO) films ideal templates for the fabrication of aligned 1D nanostructures, including nanotubes, nanowires and nanorods. [2] [3] [4] While the mechanism at the onset of pore formation is still a matter of debate, 5 the formation mechanism of cylindrical pores is widely understood to be the result of competing reactions, the formation of aluminum oxide at the metal/oxide interface and the field-enhanced oxide dissolution at the oxide/electrolyte interface. 6 As the oxide formation is isotropic, the pores have a circular cross-section and terminate with a hemispherical oxide structure, known as the barrier layer. This can be removed to obtain open-through pores. As this is done using strong acid solutions capable of dissolving alumina, control of this process is crucial to prevent pore widening or even the dissolution of the entire membrane. A simple electrochemical method capable of tracking the passage of an electrolytic solution through the barrier layer as the pore opens can be used to precisely control this process. 7, 8 The result is the formation of freestanding structures, which have become popular as model membrane systems that can be used to study the effects of nanoscale confinement on fluid flow, [8] [9] [10] [11] wetting behaviour, 12, 13 surface friction, 14, 15 or for nanoparticle synthesis. 16, 17 In this configuration, they are usually defined as anodic alumina membranes (AAMs). As templates or membranes, these materials suffer from some important limitations, including reduced mechanical stability and, more importantly for the present work, specific anodization parameter (voltage, electrolyte type and concentration, temperature, time) domains where the pore structure is at a maximum order. 1, 18 Outside these parameter domains, this regularity is partially lost, with the creation of highly non-circular pores, 19 pore branching, 10 and/or defects in the hexagonal array structure. 5 In both cases, a linear relation between pore size and anodization voltage is observed with a proportionality constant of ~ 1.25 nm V -1 . 5, 12 This linear relation holds true even when the voltage is varied during the anodization, resulting in pores with varying diameter. 20 This linear relation, though, breaks down below 10 nm, where it is no longer possible to obtain highly regular structures. 18 Smaller pores have been obtained by reducing the anodizing voltage towards the end of the anodization process, leading to the formation of asymmetric structures, with pores below 10 nm at one end and larger pores at the other. 21 This approach, though, introduces branching in the pores and reduces the overall order of the porous structure. 10 In addition, to obtain the smallest pores requires the use of sulphuric acid, which is a powerful etchant for alumina. As the thickness of the AAMs is related to the anodization time, there is a trade-off in play whereby the AAMs with the smallest pores have to be very thin (20-30 µm) to avoid pore widening by acid etching, resulting in a brittle structure. In trying to overcome these limitations, other methods to produce smaller pores have been developed. In particular, efforts have been placed on the pore opening step to achieve a controlled partial opening of the barrier layer. Methods include the electrochemical pore opening setup discussed earlier, 7 bulk wet chemical etching, 22 or an ion-beam to drill individual holes. 23 All these methods, though, produce asymmetric structures, with no effect on the pore diameter beyond the barrier layer. Considering the relatively small range of pore sizes where the optimal structure is conserved and the lower limit on pore sizes achievable, alternative methods to decrease pore size uniformly throughout the length of the pore and without decreasing the quality of the pore structure would be very useful both for templating and filtration applications. The sealing of porous anodic alumina films via hydrothermal treatment has been used in industry since the 1950s and is still used routinely today to protect aluminium surfaces from corrosion, from window frames to electronic devices. 24 More specifically, the hydrothermal treatment in boiling water of nanoporous AAO films (i.e. with the barrier layer intact) has also been extensively studied to seal the porous structure, 25, 26 and increase its corrosion resistance. 27 The sealing occurs through a complex process involving the partial dissolution of the oxide pore wall in contact with boiling water, with concurrent re-precipitation of a swollen hydroxide gel, which leads to a decrease in pore size and eventually sealing. 28 The amount of water present in the closing pore directly affects the subsequent corrosion resistance as it changes the composition and mechanical resistance of the forming gel. 27 The chemical composition of the starting material (high purity Al or Alalloys) and that of the electrolyte also have strong effects on the composition and mechanical stability of the plug. 29 It is well known that ions from the electrolyte are incorporated into the oxide layer being formed during anodization. 6 These can then be released during the hydrothermal process and be reincorporated in the forming plug, affecting corrosion resistance and mechanical stability. 28 In this work, three different hydrothermal treatments have been investigated to uniformly decrease the pore size of openthrough AAMs. These include immersion in a boiling water solution, an electrochemical treatment and steam treatment. The latter produced a uniform pore reduction of 80% down to the 10 nm limit, throughout the pores' length.
Experimental

AAM Fabrication
The AAMs were prepared using the well-established two-step potentiostatic anodization process. 30 Details of the entire process are reported elsewhere. 8 Briefly, 10 mm aluminium (99.99%, 0.25 mm thickness, Alfa Aesar) disks were annealed in air (1 hour at 500 °C), cleaned by ultra-sonication in acetone and electropolished in a solution of ethanol/perchloric acid 1:4 solution (15 min at 20 V and temperature below 50 °C). The disks were then anodized in 0.3M oxalic acid at voltages ranging from 25 to 80 V, with temperature regulated between 13 and 0 °C, depending on the anodization voltage. The alumina layer formed from the one-hour first-step anodization was then removed by wet chemical etching using a 1:1 mixture of 6 wt% phosphoric acid and 1.8 wt% chromic acid at 60 °C for 20 min. The second anodization was performed immediately after under the same conditions as the first step, but for a longer period of 10 to 12 h. The residual non-anodized aluminium substrate was removed by immersion in a 1:1 solution of 0.2 M CuCl 2 to 20% hydrochloric acid. The oxide barrier layer was removed by contact with a 6 wt% phosphoric acid in an electrochemical setup to control the pore opening and prevent pore widening (Fig. 1a ). The barrier layer side of the AAMs was placed in contact with phosphoric acid, whereas the open side was in contact with 0.2 M KCl solution. A current (under a 0.2 V external field) was detected when the pores started to open during etching.
Hydrothermal treatments
Three different hydrothermal processes were used in this work: First, the membranes were submersed in a vessel containing boiling water for 1 hour, in an attempt to reproduce the method used in the literature for AAOs. The vessel was placed on a hot plate and no stirring was used as the rising of the vapour bubbles generated at the base of the vessel in contact with the hot place created sufficient agitation. A variation of this method was to flow the boiling water through the AAMs for 1 hour using a peristaltic pump recirculating the boiling water. Second, we modified the electrochemical setup used to evaluate pore opening to detect pore shrinkage ( Fig. 1a ). In this case, a 0.8 M NaCl solution was placed on both sides of the membrane and heated to 85-90 °C. An external field of 2.5 V was applied across the membrane sandwiched between the two vessels and the current generated was measured at periodic intervals. Finally, we connected the membrane to the top of a sealed vessel sitting on a hot plate and containing boiling water using an U-shaped pipe (Fig. 1b) . The steam from the flask was driven through the membrane and observed flowing out of the membrane. The steaming process was carried out between 5 to 40 minutes. Fig. 1 a) Electrochemical setup for pore opening and pore reduction; b) steam treatment setup.
Membrane Characterization
The AAMs before and after each hydrothermal treatment were characterized using AFM (Digital Instruments Nanoscope IIIA), FESEM and FIB (Carl Zeiss XB1540 Gemini®). The micrographs were statistically analysed using ImageJ software to obtain the pore structural characteristics, i.e. pore diameter, pore circularity, porosity and pore size distribution. Details of the analysis process are provided elsewhere. 8
Results and Discussion
The as-produced AAMs have a regular pore structure with narrow size distribution and constant cross-section throughout the length of the membrane (Fig. 2) , consistent with our previous reports. 8, 9, 12 The linear relationship between anodization voltage and pore size is also consistent with the value reported by us and others in the literature. 12 
Boiling water treatment
The treatment in boiling water was first attempted to mimic the process used in the literature to seal the pores of AAO films (with the barrier layer still in place). 31 After 1 hour in hydrostatic conditions, a clear decrease in pore size was observed on both sides of the AAMs (Fig.s 3a and 3b ), but inspection of the membrane cross-section revealed that the swelling of the pore wall was occurring at the pore mouth on either side of the membrane, with the rest of the pore length largely unaffected (Fig. 3c ). In addition, the roughness of the membrane surface increases significantly. As in the case of the AAO films, the pore entrance starts swelling, leading to a reduction in pore size. In the case of the AAOs where only one side is open, the neck progressively restricts the entrance with more and more oxide depositing at the bottom of the pore. This plugging mechanism for AAOs is well-known, 31 and is attributed to the formation of boehmite (γ-AlOOH) or pseudoboehmite, following a complex process: First, the initially dry oxide wall is hydrated, with H + and OHions chemisorbed onto the surface. Subsequently H 2 O is physically adsorbed onto the layer of the chemisorbed species, swelling the pore walls. 31 In the present case, where the AAMs are open at both ends, necking at the pore entrance still occurs via the same chemical/physical adsorption process, but no accumulation is possible, resulting only in blocking at both entrances. Attempts to flow boiling water through an AAM using a peristaltic pump produced similar results, confirming that no accumulation in the pore section between the entrances occurs. The swelling is permanent, with the growth of secondary structures or roughness (Fig. 3) . 
Electrochemical treatment
In an attempt to further understand the plugging mechanism observed for the boiling water treatment, the electrochemical setup used to detect pore opening was modified to monitor pore reduction. Fig. 4 shows a composite plot of current variation with time during the pore opening and the pore reduction steps. In the former, current is measured until the barrier layer is etched away by the acid. Once there is a breach in the barrier layer, the current increases linearly as the pores widen. The process is normally stopped once a plateau in the current is reached. For the pore reduction experiment the acidic electrolyte was replaced with 0.8 M NaCl on both sides of the membrane. A current was measured from the start (the slight mismatch in Fig 4a is given by the different electrolytes used) . A further increase was observed and expected while the setup was heated for the hydrothermal treatment. Once the temperature was reached, current started decreasing steadily, suggesting that indeed pores were closing. Analysis of FESEM data showed a very different picture where the formation of fibrous structures was observed on both sides of the membrane (Fig. 4b) .
The fibres nucleation appears to be located in the interpore spacing on the two surfaces of the membrane (Fig. 4c) . Even though the underlying porous structure appears to be preserved, the overall result is a progressive blocking of the pore mouths, explaining the observed reduction in current. 
Steam treatment
As a final method, the membranes were subject to a flow of steam for times ranging from 2 minutes to 23 minutes. For times shorter than 19 minutes, pore size decreased uniformly on both membrane surfaces ( Fig. 5a and 5b) , with no significant roughening of the surface, and throughout the whole pore length (Fig. 5c ). The latter aspect can only be proven on a semiquantitative basis, as the FIB treatment used to create the membrane cross-section is destructive. This means that it was not possible to observe the cross section of the same membrane before and after steam treatment. On the other hand, using AAMs produced in one of the highly ordered regimes (40 V, 0.3 M oxalic) ensures that AAMs with comparable average pore diameters are obtained consistently. The pore size reduction increases with increasing steam treatment time up to 14 minutes (Table 1 ). Prolonging the steam treatment beyond that time led to growth of fibrous structures similar to those observed in the hydrothermal case. In the latter case the apparent reduction in average pore size is in fact due to the growth of fibres on the membrane surface that alters the image analysis results. To gain a more quantitative understanding of the pore reduction mechanism, a 40 V membrane (average starting pore size 50 nm) was subject to incremental amounts of steam treatment (Fig. 6 ). After each step, the AAM was analysed via AFM. After 16 minutes, a reduction of 80% is observed, down to 10 nm (Fig. 6d ). This result is quite remarkable since, as discussed, 10 nm is the smallest pore size that can be achieved for a symmetric AAM. Furthermore, this small pore size cannot be achieved using oxalic acid but only using sulphuric acid. Since sulphuric acid has a high etching rate for alumina, AAMs with such small pores are very thin and, as a result, tend to be brittle and difficult to handle. In contrast, the present AAM was produced using oxalic acid, yielding a more robust membrane. The steam treatment allowed for a reduction in pore size, without compromising the quality of the nanostructure. As in the previous case, prolonging the steam treatment led to the formation of a fibrous structure. As the steam treatment progresses, surface roughness also increased ( Fig. 6c and 6d ). Unlike the AAMs treated in boiling water, though, the roughness appears to be more uniform, due to isotropic growth of the oxide, forming what appear to be domed structures. 12, 15 Excluding the final point where fibres were observed, there is a linear relationship between pore reduction and time of steam treatment -with the slope equal to ~ 2.4 nm diameter reduction per minute of steam treatment. Although the steam treatment of nanoporous AAOs or AAMs has not been previously studied, the mechanism leading to hydration of anhydrous and crystalline γ-Al 2 O 3 filmschemically analogous to those produced here 25 -with steam is well-known, with the formation of metastable boehmite or pseudo-boehmite phases, which can, in turn, convert to more stable gibbsite γ-Al(OH) 3 , upon exposure to humidity. 32 This transformation occurs without significant thermal expansion coefficient changes which could lead to cracking of the oxide structure, as in other phase changes that occur for alumina at higher temperatures. 33 Although the hydration mechanism is similar to the hydrothermal case, steam is more reactive than water and a better heat transfer fluid. 32 This explains why steam is capable of swelling the whole length of the pore, rather than only the pore mouth, as in the case of boiling water (cfr. Fig. 3c and 5c for the water and steam case, respectively). This is crucial in achieving uniform pore size reduction along the whole pore.
Conclusions
In this work we have provided a novel approach to reduce the pore size of anodic alumina membranes down to 10 nm, while maintaining the superior mechanical robustness of membranes produced at larger pore sizes. This is based on decoupling the final pore size from the anodization parameters, using a postanodization hydrothermal treatment. Of the 3 methods investigated, immersion in boiling water produced a restriction at the pore ends together with an increase in roughness at the membrane surface, leaving the inner part of the pore unaffected. Treatment in a boiling solution containing NaCl to detect pore restriction using an electrochemical method produced no visible pore shrinking but rather the formation of fibrous structures on both membrane surfaces. However, using a steam treatment process, pore size reduction up to 80% was achieved, with uniform reduction throughout the whole length of the membrane. These results will allow the fabrication of anodic aluminium films and anodic alumina membranes with a broader range of pores sizes coupled with higher mechanical robustness than what is currently possible.
